The intrusion mechanism and internal structure of sills are still under debate. We present a detailed magnetic study, including anisotropy of magnetic susceptibility and rock magnetic analyses of a Cretaceous (94 Ma), 7-m-thick sill from the Lusitanian Basin in Portugal, the Foz da Fonte sill. The results, from both the top surface and a vertical profile, allow us to propose a model for the magmatic flow pattern and sense of flow. According to their location in the vertical profile, three magnetic fabric domains are identified: (1) at the borders, qualified as chilled margins (∼0-50 cm), low anisotropies suggest that low velocity gradients and heterogeneous flow paths occurred during the initial emplacement stages; (2) in the centre of the sill, where low anisotropies are observed, low shear gradients and magma displacement close to pure translation is inferred and (3) in the intermediate zones, high anisotropy values are ascribed to zones having undergone high shear gradients. The mean magnetic lineations from the top surface and basal contact indicate an almost horizontal and NW-SE orientation (azimuth: 310
large-scale view. Schofield et al. (2012b) highlighted the importance of host-rock rheology in high-level magmatic systems, by showing that the morphological evolution of sheet-like intrusions is controlled by the rheological response of host-rock lithology to the intrusion of magma, specifically its ability to behave in a viscous manner. Numerous magnetic fabric studies [anisotropy of magnetic susceptibility (AMS)] have examined the relationships existing between fabrics and magma rheology in dykes and inclined sheets. Fabric variations in laccoliths (Morgan et al. 2008) , lava flows (Cañón-Tapia & Coe 2002; Loock et al. 2008) , diapir-like structures (Kratinova et al. 2006; Zavada et al. 2009 ), dykes and cone sheet swarms (Ernst & Baragar 1992; Raposo & Ernesto 1995; Aubourg et al. 2008; Magee et al. 2012) have been studied in order to characterize magma flow patterns in these bodies. In particular, AMS has been used: (1) to obtain some information on the emplacement process and geometry of magma flow Polteau et al. 2008; Airoldi et al. 2012) , the effect of thermal contraction or superimposition of regional stress (Gil-Imaz et al. 2006; Zhang et al. 2011) in sills and (2) to compare these information with predictions from theoretical models of viscous flow (e.g. Dragoni et al. 1997) . Finally, theoretical models and experiments have discussed the propagation mechanisms of magmas into sedimentary basins (Kavanagh et al. 2006; Gressier et al. 2010; Maccaferri et al. 2011 , among others, Menand 2008 .
The present study aims at investigating precisely the pattern of magma flow across the ∼2-D section of a sill that can be observed (and sampled) along a cliff located south of Lisbon (Portugal) and that belongs to the Cretaceous alkaline magmatism of West-Iberia. The approach will be essentially based on a close examination of the within-section variations of the directional and scalar magnetic data, combined with (micro)-structural observations and rheological considerations. Furthermore, the directional information obtained from this study, together with the pattern of magnetic anomalies and seismic lines in the study area will be used to interpret the regional geology (Figs 1 and 2 ).
G E O L O G I C A L S E T T I N G
The FF-sill is located on the coastal cliff of the southernmost part of the Lusitanian Basin, a Mesozoic rift-basin located offshore and onshore western Iberia (Fig. 1) . The rifting before oceanic spreading took place from the Early Triassic through Lower Cretaceous times, with the major extensional event during the Upper Jurassic (Wilson et al. 1989; Kullberg et al. 2011; Soares et al. 2012) . The nature of the Iberia Tagus abyssal plains (IAP and TAP, respectively) , located between the Madeira-Tore Rise and the Portuguese continental slope, the location of the ocean-continental boundary and the age of oceanic break up are still matters of debate (Whitmarsh et al. 1996; Srivastava et al. 2000; Sibuet et al. 2007; Afilhado et al. 2008; Neves et al. 2009; Bronner et al. 2011; Neres et al. 2013) . Whatever the precise geological nature of the IAP and TAP might be and the location of the ocean-continent boundary, it is consensual that these abyssal plains consist of highly stretched continental crust and the oldest undisputable oceanic magnetic anomaly associated with drifting lies adjacent to the west flank of the Madeira-Tore Rise (Neres 2013) . The IAP and TAP are separated by the Estremadura Spur, which consists of a pop-up block bounded by northward and southward directed thrusts ( Fig. 2 ) that extend eastwards towards the Lusitanian Basin (Neves et al. 2009; Roque et al. 2009 ). The FFsill crops out at the northern edge of the offshore-onshore Arrábida thrust belt, which formed during the Miocene and is located at the southern boundary of the Estremadura Spur.
Around Lisbon, a series of Late Cretaceous igneous bodies intruded the Lusitanian Basin ( Fig. 1) , with ages spanning from ca. 94 to 80 Ma (Matos Alves 1964; Matos Alves et al. 1980; Palácios 1985; Terrinha et al. 2003; Miranda et al. 2009; Grange et al. 2010; Miranda 2010) . These bodies comprise lavas, dykes, plugs, sills and laccoliths, the largest volumes belonging to the Sintra Complex Luis & Miranda (2008) . Ages of the Late Cretaceous onshore alkaline magmatism, as well as seamounts, are indicated (stars indicate dated seamounts). The onshore plutons (Monchique, Sines, Sintra) have strong magnetic signatures that extend offshore in the case of Sines and Sintra. Several punctual magnetic highs such as the Fontanelas seamount form a lineament that extends from Sintra to the Tore seamount. Inset: enlargement of the region of the Foz da Fonte (FF) sill; note the strong magnetic anomaly to the NW of the FF-sill and south of Sintra (Cabo Raso anomaly). Ages of the alkaline magmatism and seamounts: (1) Miranda et al. (2009) , (2) Grange et al. (2008) , (3) Merle et al. (2006) , (4) Geldmacher et al. (2006) , (5) Feraud et al. (1986) and (6) Schärer et al. (2000) . Rock (1982) . As research advanced, the scientific community became aware of the fact that, although its expression on the Earth's surface is discrete, this magmatic event is much more developed from the geotectonic and geographic points of view than envisaged earlier. The Sintra, Sines and Monchique complexes, which were believed to be 'one of a kind' of the west Iberia magmatism, are now part of a 'family' comprising both onshore and offshore magmatic bodies of alkaline magmatism that can be found punctuating the Tore-Madeira Rise and the Estremadura Spur (Fig. 2 ). This work is thus another piece of evidence and interpretation linking magmatic processes that might have occurred during the emplacement of the Late Cretaceous alkaline event (e.g. Terrinha et al. 2003; Geldmacher et al. 2006; Miranda et al. 2006 Miranda et al. , 2009 Nogueira 2008; Merle et al. 2009; Grange et al. 2010; Miranda 2010) . The FF-sill crops out ∼30 km south of Lisbon (38 • 27' 3.5 N, 9
• 12' 5.5 ). It is dated at 93.8 ± 3.9 Ma ( 40 Ar/ 39 Ar on amphibole; Miranda et al. (2009) and was emplaced at a shallow level into Upper Albian (102-99.6 Ma) carbonates (Rey 2006) . The maximum thickness of the sedimentary cover at the time of emplacement of the sill is not known. The Cenomanian depocentre, with a present day maximum thickness of around 0.6 km, was located around 30 km north of the FF-sill outcrop, and the Arrábida sector was at the southern edge of the Lusitanian Basin. Considering a tapering angle of 0.5
• -1
• of the carbonate shelf from the basin depocentre, we estimate a thickness of 0.1-0.2 km at the time of the emplacement of the sill. The exposure consists of a homogeneous fine-grained mafic rock with a maximum thickness of 8 m (Fig. 3 ) and extending 150 m along the coast. The sill is parallel to the bedding of the host sediments, which are gently tilted towards the NW (230
• /10 • , strike/dip).
S A M P L I N G A N D M E T H O D S
Two sampling sessions of the FF-sill were conducted with a portable drilling equipment and a solar compass for orientation. The first one, here called horizontal sampling, focused on the upper exposed surface of the sill (from ∼50 cm to ∼1.5 m below the top contact) and provided 109 specimens from 19 sites (Miranda et al. 2006) . The second session concerned a vertical sampling, yielding a total of 171 specimens coming from 67 core-samples collected along the 7.2 m profile of the sill. Since the profile could not be realized at a single site, three sites a few meters apart from each other, were added to complete the sampling (Fig. 3a) : FF3, from the basal contact (0 m) up to 1.1 m (11 core-samples); FF4, from 1.3 to 6.7 m (40 core-samples); and F77 from 5.2 m up to the top, 7.2 m (16 core-samples). Sites FF3 and FF4 (non-overlapping sampling) constitute profile A, and site FF7 (sampling partially overlapping with FF4) corresponds to (partial) profile B. The vertical spacing between core-samples was 10-30 cm, except near the base and top contacts where it was less than 10 cm. Magnetic susceptibility and anisotropy of the specimens were measured with a MFK1 Kappabridge (AGICO) at the Instituto Dom Luiz (Lisbon University) under room temperature (applied field: 200 Am −1 ; frequency: 976 Hz). The 'Anisoft' (Chadima & Jelinek 2008 ) software was used for data processing. Thermomagnetic susceptibility was measured in Ar-atmosphere using a CS4 furnace (AGICO) coupled to the Kappabridge, and Curie temperatures were determined according to the inverse susceptibility method (Petrovský & Kapička 2006) . Scanning electron microscope (SEM) observations coupled with energy dispersive spectra (EDS) were performed on carbon-coated sections using the Jeol JSM-6360LV of the Geoscience Laboratory (Toulouse University). Geochemical analyses (Loss on Ignition and Mg#) were performed at the Universidad Autonoma de Madrid (Spain). Hysteresis curves and First-order reversal curve (FORC) diagrams (e.g. Roberts et al. 2000) helped to characterize the size of the magnetic carriers. The measurements were performed at room temperature using a PMC μ-Vibrating Sample Magnetometer (μ-VSM) of the IPGP-IMPMC Mineral Magnetism Analytical Facility. For each sample, 100 FORCs were measured on a millimetric chip and the FORC distribution was calculated using a smoothing factor of 5 with the program kindly provided by Chris Pike (Pike et al. 1999) .
The AMS measurements (Graham 1954) helped to determine the magnetic anisotropy ellipsoid, defined by three principal susceptibility axes (K 1 > K 2 > K 3 ) whose orientation is spatially related to the shape preferred orientation of the elongate magnetic particles, as first proposed by Khan (1962) , or to the distribution of interacting particles as described by Hargraves et al. (1991) . The relationship between the magnetic fabric and the magmatic flow fabric is often inferred from the orientation of elongated vesicles, commonly interpreted as flow indicators (e.g. Shelley 1985; Knight & Walker 1988; Varga et al. 1998) . Several workers used AMS to infer the flow direction in dykes, and sometimes its sense from observations of imbrications along the walls (Ernst & Baragar 1992; Raposo & Ernesto 1995; Callot et al. 2001 , e.g. Femenias et al. 2004 Aubourg et al. 2008) . Akkoyun et al. (2013) , using analogue models, support the use of AMS as a rheological indicator, by showing that the anisotropy degree correlates with the Close to the host-sediment (specimen FF3-E2), despite low-and high-temperature alterations, the primary rock texture is preserved. Inside the sill, the crystals retain their magmatic composition, with the exception of some altered grain-boundaries. The well-preserved opaque minerals are smaller and more dispersed close to the contact (specimen FF3-E2) than far from it (specimen FF4-K1) where they tend to form more-or-less closely packed clusters [compare (a) and (c) at identical scales]. Ti-mt: titano-magnetite; ilm: ilmenite; Cr-sp: chromite-spinel; dol: dolomite; cal: calcite; ank: ankerite; bi: biotite; krs: kaersutite; gedr: gedrite; chl: chlorite; plag: plagioclase; pyr: pyrite. viscosity and shear rate for concentrations of magnetic particles typical of lavas (∼5 wt%). Given the dependence of the magnetic fabric on the magnetic mineralogy, domain state of the grains (Potter & Stephenson 1988; Rochette et al. 1992 ) and on magnetic interactions between grains (Hargraves et al. 1991; Grégoire et al. 1995; Cañón-Tapia 2001; Gaillot et al. 2006; Fanjat et al. 2012) , AMS studies need to be supported by analyses on these effects. Although dykes have been more extensively studied, in particular for these effects and for the relationship between magnetic fabric and magma flow, these aspects are now evaluated in the light of our object of study, the FF-sill.
P E T RO G R A P H I C F E AT U R E S
As described by Miranda (2010) , the FF-sill is a very fine-grained ultramafic alkaline tephrite (SiO 2 < 45 per cent) with pyroxene (Ti-augite), brown-amphibole (kaersutite), plagioclase, apatite and opaque minerals as the main phases. Microscopic observations (Fig. 4) were conducted on two samples, one close to the base (23 cm above it) and the other in the centre of the sill (265 cm above the base). The original magmatic texture is not substantially modified as attested by the primary arrangement of plagioclase laths (or ghosts of them) that are observed everywhere in the sill, despite the presence of mineral species attributed to late-magmatic modifications, such as pyrite (Fig. 4e) and apatite, rutile, K-feldspar, biotite, chlorite and clay minerals (Figs 4e and f). Chlorite is abundant around amphiboles and carbonate phases are ubiquitous, mainly inside vesicles and fractures (Figs 4b, d and e) . This late hydrothermal alteration is much stronger in the basal sample but has not modified the original arrangement of the constituting minerals (Fig. 4) .
The opaque minerals are homogeneously distributed throughout the rock and form either independent crystals of a few microns (<10 µm) or variously elongate and tightly packed clusters of crystals some tens of microns in size (Fig. 4) . However, close to the borders of the sill the opaque minerals are mostly small (<10 µm) and isolated, and only a few small clusters (∼10 µm) can be observed (Figs 4a and d) . Close to the centre, individual grains are scarse and clusters dominate, reaching sizes up to 100-200 µm (Figs 4c and f). As determined using SEM-EDS observations, most opaque minerals are titano-magnetites with varying amounts of titanium, partly related to ilmenite exsolutions within titano-magnetite (inset of Fig. 4d ). At the centre of the sill, titano-magnetites are richer in Ti with less variable Ti-content (TiO 2 : ∼25-30 per cent) than close to the borders (TiO 2 : ∼15-35 per cent). Primary chromiumbearing spinels (Fig. 4d ) and small Ni-bearing iron-sulphides are also locally observed in both sites of the sill.
Geochemical measurements conducted on samples along the vertical profile revealed rather high and variable loss on ignition values, from ∼5 per cent at the centre to ∼15 per cent close to the lower and upper contacts of the sill (Fig. 5) .
M A G N E T I C M I N E R A L O G Y
A detailed rock magnetic study from the upper part of the sill performed by Neres et al. (2012) revealed a primary (magmatic) magnetic mineralogy, corresponding to low-coercive, pseudosingle domain to multidomain (PSD-MD) titano-magnetite. The variability of the magnetic mineralogy along the vertical profile is here studied from nine specimens regularly distributed along the profile. The temperature dependence of magnetic susceptibility K(T) shows susceptibility drops from ∼350 to ∼550
• C, attributed to titano-magnetites with variable amounts of titanium (Fig. 6) . Specimens located within ∼80 cm from the top and basal contacts (FF3-A, FF3-J and FF5-D) display the highest Curie temperatures (average T c around 560
• C) and hence have compositions close to pure magnetite. The inner specimens display a common susceptibility drop at T c ∼ 520
• C, pointing to phases richer in Ti, in addition to drops at lower temperatures between 350 and 450
• C. The FORC diagrams (Fig. 7) for the nine samples are very similar and characteristic of PSD magnetic grains, marked by closed inner contours and divergent outer contours (Roberts et al. 2000) . The coercivity for which the distribution is maximum is around 10 mT, but the contours extend up to 40 mT or even 60 mT for some samples (Fig. 7) . The hysteresis parameters of the Day-plot (Mrs-saturation remanent magnetization-/Ms-saturation magnetization-versus Hcr-coercivity of remanence-/Hccoercivity field; Fig. 8 ) are also consistent with PSD behaviour. They plot along the theoretical curve #2 of Dunlop (2002a) ; Dunlop (2002b) and cluster around 70-77 per cent of MD grains, pointing to a high homogeneity of the domain states of the magnetic carriers in the sill. In conclusion, these measurements show that MD-titano-magnetites are the dominant magnetic carriers throughout the section.
AMS RESULTS
The scalar magnetic data and anisotropy parameters are as follows: bulk magnetic susceptibility [(K m 
The azimuth/plunge of K 1 and K 3 (magnetic lineation and pole to magnetic foliation, respectively) were also determined.
Bulk magnetic data
The AMS data from the horizontal sampling (109 specimens collected from the upper part of the sill, from ∼0.5 to ∼1.5 m below the top contact) are reported in Table 1 and plotted in Fig. 9 (a). The bulk susceptibility (K m ) is 74 ± 17 10 −3 SI, the total anisotropy percentage (P%) spans between 0.9 and 7.5 per cent (mean: 3.8 per cent), and a rather strong tendency for linearity is observed (average L% = 2.2, against average F% = 1.5). The magnetic foliation is close to horizontal (average K 3 = 206
• /84
• , trend/plunge) and the magnetic lineation is extremely well defined, parallel to WNW-ESE (average K 1 = 118
• /01
• , trend/plunge). The AMS data from the vertical profile (171 specimens) are reported in Table 2 and plotted in Fig. 9 (b). The bulk susceptibility varies from 30 to 67 × 10 −3 SI with a mean value of 54 × 10 −3 SI. The anisotropy percentage varies from P% = 0.7-8.6 (mean: 3.1 per cent), distributed into L% (0.0-5.5 per cent; mean: 1.5 per cent) and F% (0.0-5.0 per cent; mean: 1.6 per cent). The shape parameter T covers the whole range of values. The magnetic foliation is sub-horizontal (average K 3 = 186
• /82 • ) and the lineation parallels NNW (average K 1 = 325
• /06 • ). The orientation of K 1 can therefore be interpreted with great confidence (Pueyo et al. 2005) .
Variations along the vertical profile
For K m , P, L, F and T we calculated the weighted arithmetic running means, using a double-weighted central value with respect to the nearest neighbours (Table 3) . For the azimuth of K 1 (K 1 az), the unweighted tensorial running means were calculated using data from the respective samples. All these data are plotted as a function of the elevation with respect to the base of the sill (Fig. 10) . Towards the top of the sill there is a partial sampling overlap between profiles A and B (from 5.2 to 6.7 m) which will be used to discuss the directional variability of the magnetic lineation. Based on scalar and directional variations, we have defined five zones along the profile. For each zone, a stereoplot of the AMS principal axes (in geographical coordinates, with indication of bedding plane), and biplots of the anisotropy parameters (L versus F, and T versus P), are represented (Fig. 11) . The mean tensorial values are listed in Table 4 in both geographical and tilt-corrected (palaeo-horizontal: bedding rotated into horizontal) reference frames. Zones 5 and 1 correspond, respectively, to the first ∼40 cm under the top of the sill, and to the first ∼50 cm above its base. These zones are characterized by very low anisotropies (P < 2 per cent and L < 1 per cent). We note that the planar anisotropy is slightly higher at the top (zone 5; F > 1 per cent) than at the base (zone 1; F < 1 per cent). Accordingly, the shape fabric is close to triaxial at the base (T ∼ 0) and more oblate towards the upper contact (T > 1).
Zones 4 and 2 display the highest anisotropies. In zone 4, both partial profiles (A and B) display a strong planar fabric, the highest values being found between 5.5 m and 6 m. In profile B, a strong lineation is also observed. In zone 2, the anisotropy is strongly linear. Similarly to what is observed at the margins of the sill (zones 5 and 1), the anisotropy is more planar close to the top of the sill (zone 4) than at its base (zone 2).
Zone 3 corresponds to the inner part of the sill, ∼3.2 m in thickness, where rather low anisotropies are observed. However, two subzones can be distinguished: an upper one, 3U (∼2.2 m thick), where the anisotropy parameters are rather constant, and a lower one, 3L (∼1 m thick), in which the anisotropies are more variable. The limit between 3U and 3L is mainly characterized by an abrupt change in the direction of the magnetic lineation (K 1 ) from 320
• to 0
• .
S I G N I F I C A N C E O F T H E M A G N E T I C FA B R I C

Linking the magnetic lineation with the shape fabric of opaques
The relationship between the AMS and the mineral shape fabric was studied using an image analysis from thin sections of oriented specimens collected from the eroded, irregular upper surface of the sill representing broadly the top part of zone 4 (Fig. 10 ). The objective of this analysis was to verify if the observed mean magnetic lineation is concordant with the mean shape elongation of the opaque grains. Note that the shape fabric of opaques will correspond to the shape preferred orientation of both individual grains and clusters, and therefore can be regarded as the final textural anisotropy of the opaque phase. Following the 'Intercept' method of Launeau & Robin (1996) , also used by Callot et al. (2001) and Geoffroy et al. (2002) , 44 images from six oriented thin sections coming from five sampling stations (stars in Fig. 13b ) were analysed. Fig. 12 gives an example of a threshold image that allowed the opaque phase to be sorted. A rose of directions and the corresponding shape preferred orientation of the opaque phase was obtained from each image using 'Intercept'. (Day et al. 1977) for the same set of samples as in Figs 6 and 7. The data plot in the PSD region and fit the theoretical curve #2 of Dunlop (2002b) giving the percentage of multidomain grains. They point to a high homogeneity of the domain states of the magnetic minerals.
The angular difference between the maximum preferred elongation of opaques (long axis of the rose) and the local magnetic lineation is represented by an histogram (Fig. 12c) . The distribution is strongly monomodal, with angular deviations less than 15
• for 53 per cent of the cases. This result reflects a strong coaxiality (in the foliation plane) between the magnetic lineation K 1 and the long axes of the opaque grains or aggregates. Deviations larger than 30
• are rather equally distributed up to 90
• and attributed to small and isolated grains, randomly distributed in the rock.
For some samples, the magnitude of the shape anisotropy of the opaque grains was compared with the magnetic anisotropy of the respective specimens. With the exception of sample #7/23 (Fig. 12d) , a good agreement between these two parameters is observed. This confirms that the shapes of the opaque grains are responsible for the directional part of the AMS signal. The small discrepancies observed between magnitude of grain shape and magnetic anisotropies may be attributed to magnetic interactions between grains, leading to an accessory contribution due to distribution anisotropy (Hargraves et al. 1991; Grégoire et al. 1995; Gaillot et al. 2006; Fanjat et al. 2012) . Table 1 . AMS data (per specimen) corresponding to the horizontal sampling: bulk susceptibility ( Table 3 . Running means of (per core) AMS parameters represented in Fig. 10 (see text for details). 
Linking the magnetic lineation with the long axes of the vesicles
Close to the upper and lower contacts (zones 1 and 5) a variable density of elongated vesicles and amygdales is observed, a few mm to 2-3 cm in length, into which carbonate grains have crystallized (Figs 3; 4b, d and 13a) . Most of these vesicles, likely inherited from magma degassing, display ellipsoidal shapes due to magma deformation before solidification. They act as passive markers recording the strain that accumulated since their appearance in the magma, hence indicate the magma flow direction during its late stages (e.g. Shelley 1985; Varga et al. 1998; Walker et al. 1999) .
A hand-specimen collected from the exposed upper surface of the sill (Fig. 13a) displays several elongated vesicles. On the horizontal surface of this specimen (Fig. 13a, left side) the long axes of the vesicles are parallel to NW-SE (120
• -140 • ) and the AMS measurement gives a magnetic lineation at K 1 = 136
• . Using the same procedure, the average long axes of the vesicles (onto the horizontal plane) in the top part of the sill were measured very close to the places where the horizontal sampling was done for the AMS (15 sites; Fig. 13b ). Comparison between each average-per-site vesicle-long-axis and the magnetic lineation obtained in the site (Fig. 13b) gives a monomodal angular distribution, with differences less than 15
• in 67 per cent of the sites, and less than 30
• in 83 per cent of the sites.
These results unambiguously demonstrate the correlation existing between the average direction of the magnetic lineation, the shape fabric of opaque grains and the long axes of the vesicles. The magnetic lineation may therefore be considered as being coaxial with the magma flow direction.
D I S C U S S I O N
Mineralogical variability
Observations under the optical microscope allow us to conclude that the main petrographic variations along the vertical profile are due to the interaction with fluids extracted from the host sediments during the late magmatic stages. This effect remained concentrated close to the margins of the sill (∼1 m apart from both contacts), as indicated by the presence of carbonate-bearing vesicles (Figs 3; 4 and 13a) and a higher degree of alteration. Specimen FF3-E (23 cm from the base) is invaded by carbonates, mostly found in vesicles and veinlets (Fig. 4b) , and by clay minerals and chlorite attesting to alteration at low temperature (Figs 4d and e) . Higher temperature transformations (biotite, K-feldspars, ilmenite exsolutions, etc. . . . ) are also present (Figs 4d and e) however. By contrast, specimen FF4-K (265 cm from base) is close to its primary (magmatic) mineralogy (kaersutite, gedrite, plagioclase, some Ni-Fe-bearing sulfides, etc), despite the presence of clay/chlorite along amphibole grainboundaries (Fig. 4f ) and occasional patches of carbonates. High values of loss on ignition (Fig. 5a) , from ∼5 per cent towards the centre of the sill to ∼15 per cent near the margins, point to the presence of hydrous mineral phases and also reflect a high interaction between the magma and the sediments near the margins. Such a high interaction between the sill and its host, in accordance with the shallow level of its emplacement, ensures a non-brittle behaviour of the host rock during emplacement, a condition favouring large lateral propagation of the magma (Schofield et al. 2012b; Magee et al. 2013a) .
The high and variable LOI values along the profile (Fig. 5a ) do not allow an eventual magma differentiation within the sill to by guest on August 6, 2014 http://gji.oxfordjournals.org/ Downloaded from Table 4 . Directional AMS results per zone. N: number of specimens; h: vertical position in the sill; mean K 1 and K 3 orientation (dec/inc) in the geographical system and after tilt correction of the bedding plane (strike/dip; 230 • /10 • ), and confidence ellipses. be considered. The D-shape of the Mg-number (Fig. 5b) would suggest more evolved magma compositions towards the margins than at the centre. Similar observations from sills were explained by Soret fractionation combined with in situ crystallization (Latypov 2003; Latypov et al. 2007) or porous melt-flow into the margins driven by thermal stresses (Aarnes et al. 2008) . In our case however, the mobility of elements in presence of fluids at the basal and top margins seems to be reasonable. Despite the late magmatic alteration, the original texture is preserved, giving in particular ghost plagioclases still depicting a typical magmatic arrangement. The titano-magnetites have likely retained their original (magmatic) shapes, consisting either of isolated, euhedral and low shape-ratio individual grains, or of clusters of grains that may be significantly elongated (Fig. 4) . In contrast, alteration is likely responsible for the rather low susceptibilities observed, in particular close to the basal contact where light-coloured specimens are present (Fig. 3c) . Susceptibility decrease is attributed to the formation of less susceptible iron hydroxides (partly replacing magnetite), and also to the larger dispersion between grains, a mechanism responsible for the increase in susceptibility and anisotropy (Hargraves et al. 1991; Grégoire et al. 1995) . Finally, given the dominant MD state of titano-magnetite, the occurrence of inverse fabric is unlikely (Rochette et al. 1999; Ferré 2002 ).
Sense of magma flow
The agreement between the magnetic lineation, and both the fabric of the opaque grains (Section 7.1) and the elongation of vesicles (Section 7.2) leads us to interpret the AMS fabric in terms of flow fabric. It is therefore concluded that the magma in the FF-sill flowed by guest on August 6, 2014 http://gji.oxfordjournals.org/ Downloaded from along a NW-SE axis (Fig. 9) . The sense of flow is given by the imbrications (e.g. Knight & Walker 1988; Callot et al. 2001) which were observed at the sample scale (Fig. 13a) and from the collection of data along the contact zones ( Fig. 11 ; Table 4 ). In a hand-specimen close to the contacts, an imbrication of elongated vesicles was observed and it was found to be concordant with the imbrication of the magnetic lineation (Fig. 13a) . In this example, vesicles are gently plunging towards ∼N130
• , in agreement with the imbrication of the magnetic lineation. AMS measurements along the contacts have recorded a mirror imbrication in the upper and lower margins, given by both the magnetic lineation (K 1 plunge after bedding correction: 11
• towards N127
• in zone 5, and 9
• towards N279
• in zone 1) and the mean magnetic foliation (strike/dip after bedding correction: N210.0
• /9.4
• in zone 1, and N353.3
• /15.3
• in zone 5) with respect to the bedding plane (Fig. 11 and Table 4 ). These imbrications relative to the horizontal mean plane of the sill have imbrication angles 'opening' to the southeast. Although the imbrications angle is small and the sampling at the basal contact scarce, we must note the coherence in the sense of these imbrications, strongly suggesting a magma flow sense from the NW to the SE. The high statistical significance of the imbricated fabric with respect to the bedding plane (tight confidence ellipses; Fig. 11 and Table 4) prevents the need of using a deeper statistical analysis such as the one used by Tauxe et al. (1998) .
Variations along the vertical profile
In this section, and in line with the experiments of Akkoyun et al. (2013) who studied the relationships between the magnetic anisotropy degree and the rheological conditions during shear flow, we attempt to interpret the magnetic anisotropy in terms of magma flow dynamics based on observations and the following principles: (1) the main carriers of the magnetic anisotropy are the aggregates of magnetic grains which correspond to grains that got magnetically clustered at a given stage of magma flow; (2) the non-clustered magnetic grains are mainly made of minute individual grains, close to cubic in shape and a few microns in size, that escaped clustering. As described in Section 4, the density of individual grains and of clusters, as well as their relative abundance, are variable. Grain concentration appears to be lower against the boundaries of the sill (Fig. 4a ) than in its inner parts (Figs 4c and 12 ). This phenomenon is attributed to the 'dispersive pressure' or Bagnold effect (Bagnold 1954; Komar 1976) at strong pressure gradients. The non-clustered grains do not carry any significant magnetic anisotropy and (3) the clustering of the individual grains and the elongation direction of the clusters are triggered by the shear gradients due to the relative displacement of the individual grains, or clusters of grains, parallel to the shear plane. By contrast, at places where the flow is shearless, the magnetic markers are subjected to bulk translation and therefore may keep their former fabric, acquired during the earlier flow stages, eventually random. However, it is suggested that this former fabric progressively vanishes during bulk transportation to give place to a flow-controlled fabric.
These considerations lead us to define three main domains into the vertical profile:
(1) Chilled-margins: the 30-50-cm-thick domains located at the roof and floor of the sill (zones 5 and 1), display low but stable anisotropy degrees (Figs 10 and 11) . Thin section observations indicate that the opaque grains are more dispersed than elsewhere (Fig. 4a) , with fewer and smaller clusters attributed to the dispersive effect along the rigid boundary towards which magma velocity vanishes. This effect is enhanced by the rapid cooling along the borders: it increases magma viscosity, and hence favours flow concentration towards the inside of the sill. As a consequence, a slight susceptibility decrease is observed at the borders of the sill (in addition to the effect of hydrothermalism), while the anisotropy remains modest in magnitude. The necessary shear gradients close to the borders are at the origin of the observed imbrications (Figs 11 and 14) . Despite the low anisotropy, the AMS axes show little scattering (Fig. 11) , a feature considered as an indication of a stable, i.e., not re-worked, fabric.
(2) The translative domain: the internal part of the sill (zone 3U, particularly) is defined by rather constant and low anisotropies for more than 3 m, that is, >40 per cent of the sill thickness (Fig. 10) . Low anisotropies point to low differential movements inside the fluid. However, since there is some consistent anisotropy degree and magnetic lineation in zone 3U (P ∼ 1-3 per cent; average K 1 ∼ 315
• ), we assume that some shearing was present in this translative domain, able to record the flow direction (Fig. 11) . Zone 3L, which is more fluctuating in both P% and azimuth of K 1 , could be a transitional domain in which successions of shearing events took place in this globally translative domain (Fig. 14) .
(3) The shear-gradient domains (zones 4 and 2): in-between the chilled-margins and the central parts of the sill, a shear-gradient domain corresponds to narrow slices or layers (a few cm to 1 m) in which shear gradients (positive or negative) of the particles are present (Figs 10 and 14) , making the anisotropy degree to increase or decrease, respectively. At the top of zone 4 and base of zone 2, the increase in anisotropy reflects the positive shear gradient of the particles when departing from the chilled-margins. When progressing towards the translative domain, the anisotropy degree decreases, likely due to a decrease in the velocity gradient of the particles (negative shear gradient; Fig. 14) . Furthermore, the linearity or planarity of the fabric is inferred by variations in the shape parameters L% and F% and T (Figs 10 and 11). Prolate fabrics (T < 0) dominate along the profile, reflecting the well-defined (average) flow direction. However, in the top part of the profile (in-between 5 and 6 m; zone 4 partim) the magnetic lineation varies between profiles A and B and the fabric becomes dominantly oblate. This planarity in the top part of the sill could be attributed to fabric flattening during the last stages of magma emplacement, when the magma pressure becomes equilibrated with the overburden pressure. Alternatively, it can be attributed to the fact that the inflation of the sill into the sediments is mainly achieved against its deformable top rather than against its fixed base (Fig. 14) ; this could result in a higher lateral dispersion of the magma, and thus a higher planarity in zone 4 than in zone 2.
Differences between the overlapping profiles A and B illustrate local variations in magma propagation. These are mostly directional changes (K 1 az) along identically orientated foliation planes (subhorizontal). However, the average K 1 az of profile B is very close to the steady K 1 az values of profile A, and also to the average K 1 az values of the whole section (Fig. 10) . Such directional changes of the lineation are attributed to the proximity of the borders of the sill where, principally, viscosity variations are likely at their maximum. Cañon-Tapia and Herrero-Bervera (2009) observed such variations between different dyke profiles and attributed them to cyclic fabric acquisition during emplacement.
The previous interpretations led us to infer a simplified velocity profile for the emplacement of the FF-sill (Fig. 14) . We distinguish two stages of intrusion for the record of the velocity profile. An initial stage, at the beginning of the intrusion, which corresponds to the rapid cooling of the magma against the margins forming the chilled margins, which act as thermal insulators with respect to the rest of the sill. The final stage, by the end of emplacement, records the last moments of magma flow in the inner zones of the sill (sheargradient and translative domains). This velocity profile supports a Bingham-like, rather than a Newtonian-like rheological behaviour of the magma during emplacement, at least during the last stages of magma emplacement (e.g. Dragoni et al. 1997; Correa-Gomes et al. 2001; Femenias et al. 2004; Magee et al. 2013c) . Morgan et al. (2008) interpreted variations in the anisotropy degree as indicating distinct stacked magma sheets. Other authors have interpreted variations in anisotropy degree across lava flows as reflecting different events of magma injection (Cañón-Tapia & Coe 2002) or layering within a single lava flow due to regions of different rheology (Loock et al. 2008) . Note that our interpretation calls for both intrusion-wide and local (for example within zone 3L) rheological/strain variations within the sill.
Implications for regional tectonics and magmatism
Accepting that our data from the exposed surface of the sill and from the vertical profile provide the direction (∼310
• ) and sense (towards the southeast) of the magma flow, we now use this information together with unpublished seismic reflection data to interpret the regional geological context and mode of emplacement of the FF sill. Inspection of the geology and magnetic anomalies of the study area underlines a close relationship existing between the individual magnetic anomalies and the Late Cretaceous alkaline magmatism of West Iberia, whose age spans from around 100 to 80 Ma (see Fig. 2 ). It is shown in Fig. 15(a) , using high resolution seismic reflection profiles (2 kJ sparker source), that the magnetic anomaly to the south of Sintra (known as the Cabo Raso anomaly, Fig. 2 ) corresponds to a Late Cretaceous alkaline intrusion or volcano, now buried under Cenozoic sediments mostly associated to the Tagus river prodelta, that is, post-Last Glacial Maximum. In Fig. 15(b) , using a vintage multichannel seismic reflection profile (also crossing the CR magnetic anomaly) a deeper image of the stratigraphy of the area is shown. Despite the lower quality of the record, an interpretation of laccolith-like intrusion is proposed, in the centre of which a volcanic plug has been eroded. These two seismic profiles suggest that the CR magnetic anomaly might correspond to various volcanic and subvolcanic structures of the Cretaceous alkaline complex.
Considering that most of the magnetic anomalies along the Madeira-Tore Rise (Geldmacher et al. 2006; Merle et al. 2006) correspond to exposed volcanic extrusions, as well as the Fontanelas seamount (Miranda et al. 2009; Miranda 2010 ) and the CR magnetic anomaly, we speculate that the various magnetic anomalies between the Tore seamount and the FF-sill define a tectono-magmatic lineament of intrusive/extrusive alkaline bodies of a Late Cretaceous age (Figs 16c and d) . These bodies could have intruded along the fault that separates the Tore seamount from the TAP (Roque et al. (2009) and its eastward prolongation running across the Fontanelas seamount towards the south of Sintra on the continental shelf (Cabo Raso anomaly area, Figs 1; 2; 16; 5d). This fault zone, with an arcuate shape in map view (buried under Pliocene-Quaternary sediments offshore the study area; Fig. 15 ) is well exposed along the coast south of Sintra and at the front of the Arrábida fold and thrust belt. Note that the NW-SE striking vertical faults south of Sintra are systematically intruded by basic dykes (Fig. 1) , possibly also associated with the CR volcanism.
Based on these pieces of evidence it is suggested that the NW-SE directed magmatic flux found in the FF-sill can be viewed as the easternmost propagation of the buried intrusion of the Cabo Raso anomaly, which is the easternmost volcanic plug of the Tore-Sintra tectono-magmatic lineament (Figs 15 and 16) . Therefore, the FFsill can be seen as associated to the CR volcano-like structure as a sheet-like lateral injection of magma (as commonly observed on small volcanoes onshore north of Lisbon) that was able to propagate quite a long way (several kilometres) within weak and ductile deformable sediments, as envisaged by Schofield et al. (2012b) .
C O N C L U S I O N S
(1) The magnetic mineralogy is primary and homogeneous across the exposed part of the FF-sill (multidomain titano-magnetite), despite some fluid-induced alteration near the borders.
(2) The magnetic fabric is dominantly carried by the shape anisotropy of clusters of multidomain grains of titano-magnetite.
(3) The correlation between magnetic lineations, preferred orientations of iron oxides, and directions of the long axes of the elongated vesicles, allows us to interpret the magnetic fabric in terms of magmatic flow fabric, that is, parallel to SE-NW in the present case. However, a secondary N-S submaximum, also suggested by the magnetic data, remains unexplained.
(4) The along-profile magnetic fabric records five zones of flow regimes more-or-less symmetrically disposed with respect to the middle of the profile: two chilled margins, two high-shear gradient domains, and a central channel of translational flow. Transitional domains that probably reflect successive shearing events are likely recorded by fluctuations of the anisotropy degree.
by guest on August 6, 2014 http://gji.oxfordjournals.org/ Downloaded from (5) The observed symmetrical imbrication of both the magnetic foliation plane and the lineation in the upper and lower sections of the sill indicates a sense of the magmatic flow from the northwest (offshore) to the southeast.
(6) The Cabo Raso magnetic anomaly, located ∼20-30 km to the NW of the FF-sill, corresponds to a group of volcanic and subvolcanic structures that could be the magmatic source of the FF-sill.
(7) Combining the interpretation of the magnetic anomalies (offshore and onshore) with the age of the alkaline magmatism of West-Iberia and Tore-Madeira Rise, and the structure of the continental margin, the existence of a 350-km-long dyke-like structure, running from the Tore seamount to the Cabo Raso magnetic anomaly, is here suggested.
